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Abstract 
In this paper, the direct conversion of AA6060 aluminum alloy machining chips into finished products by hot extrusion with 
subsequent cold extrusion is investigated. For hot extrusion, two different types of extrusion dies, a conventional flat-face die 
and an experimental die, are used. The experimental die combines the process of equal channel angular pressing with the 
process of hot extrusion in a single die, which increases the strain and pressure affecting the chips during extrusion, both critical 
factors for achieving sound chip bonding. Subsequently, the chip-based extrudates are machined to fabricate chip-based 
preforms for the cold extrusion experiments. In order to investigate different processing routes, forward rod extrusion and 
backward can extrusion trials were conducted. In all steps, cast material was processed similar to the chips as a reference. The 
results showed that the quality of the chip-based finished parts strongly depends on the bonding quality between the individual 
chips, determined during the hot extrusion process. 
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1. Introduction 
The direct conversion of aluminum alloy machining chips into finished or semi-finished products by hot 
extrusion, first presented and patented by Stern (1945), is a promising approach to overcome the problem of 
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material loss during remelting of aluminum chips and to further improve the energy balance of the aluminum 
production. In this process, the chips are compacted to chip-based billets and extruded on a conventional hot 
extrusion press to chip-based extrudates. Aluminum chips are naturally covered by an oxide layer. Therefore, large 
plastic deformation (i.e. strain) and compressive stresses (i.e. pressure) must affect the chips during the extrusion 
process in order to break the oxide layers and to enable contact between surfaces of pure metal (Chmura and 
Gronostajski, 2006). In chip extrusion, the amount of strain affecting the material is determined by the extrusion 
ratio R, defined as the ratio between the cross sectional area of the upset billet and the cross sectional area of the 
extruded profile, and by the design of the hot extrusion die (Güley et al., 2013). Chip extrusion with a low 
extrusion ratio can lead to a high amount of residual porosity and therefore to substandard mechanical properties of 
the chip-based extrudates (Gronostajski et al., 1997). By using a high extrusion ratio for chip extrusion, it is 
possible to produce chip-based profiles with good mechanical properties (Chino et al., 2006). A disadvantage of 
high extrusion ratios is the limitation of the size of the profile cross section for a given size of the extrusion press. 
However, by using an appropriate die design for chip extrusion, high quality chip-based extrudates with mechanical 
properties comparable to those of extruded cast material can be produced, even with low values of the extrusion 
ratio (Misiolek et al., 2012). 
In contrast to hot extrusion of chips, only limited investigations are available regarding the application of cold 
extrusion for the direct recycling of chips to chip-based finished parts. Allwood et al. (2005) investigated the direct 
conversion of aluminum chips to finished parts by cold extrusion. They found that an extrusion ratio above R = 4 
was necessary to achieve sufficient chip bonding. However, Chiba et al. (2011) observed the formation of surface 
cracks in aluminum chips cold extruded with an extrusion ratio of R = 4. They related this observation to an 
insufficient formability of the metal at room temperature. In addition, they found that the final density of the cold 
extruded chips was below 97 % of the density of cast material, which they related to the presence of internal voids.  
In this paper, the feasibility of using hot extrusion with subsequent cold extrusion for the recycling of AA6060 
aluminum alloy machining chips to chip-based finished parts without residual porosity is investigated. The 
influence of different deformation routes on the mechanical properties of chip-based finished parts based on hot 
extruded chips was analyzed. Two types of hot extrusion dies, a conventional flat-face die and a hot extrusion die 
with integrated equal channel angular pressing (iECAP die) were used for the extrusion process. The hot extruded 
chips were subsequently processed by either backward can extrusion or forward rod extrusion in order to produce 
chip-based finished parts. 
2. Hot extrusion of chips 
Cast aluminum alloy AA6060 was used as a reference material in the following investigations. The AA6060 
aluminum chips were produced by turning off an as-received cast bar without lubrication. Compaction of the chips 
was conducted on an industrial briquetting press LB200 by Lanner Anlagenbau GmbH. The density of the chip-
based billets was §82 %, compared to the density of cast aluminum. After compaction, the chip-based billets as 
well as the reference cast billets were homogenized in an electrical furnace for 6 h at 550 °C. Hot extrusion of the 
chip-based and cast billets was conducted on a direct extrusion press (SMS Meer), which has a maximum extrusion 
force of 10 MN. The ram speed was set to 1 mm/s and was kept constant during the extrusion process. Billet and 
container temperature were set to 550 °C and 450 °C, respectively. The profiles were cooled in ambient air after 
extrusion. Two different types of hot extrusion dies, a conventional flat-face die and a hot extrusion die with 
integrated equal channel angular pressing (iECAP die) were used for the extrusion process. The design of the hot 
extrusion dies is shown in Fig. 1. The flat-face die is leading to a round profile geometry with a diameter of 
d = 36 mm. The iECAP die results in a rectangular cross section geometry of 32 mm x 32 mm with a corner radius 
of r = 3.1 mm. The iECAP die consists of five parts. Part one contains the conventional hot extrusion step leading 
to the final cross section. Parts two to four contain four steps of equal channel angular pressing (ECAP). Each 
ECAP step has a channel angle of M = 90°. Part five contains the die exit with the bearing. More details about the 
design of a similar iECAP die are given in Haase et al. (2012). For both dies, the resulting extrusion ratio is R § 8.5. 
The extrusion of chips through the flat-face die or the iECAP die led in both cases to defect-free chip-based 
extrudates. 
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Fig. 1. Sketches and photographs of different dies used for hot extrusion of chips. a) Conventional flat-face die b) Integrated extrusion and 
equal channel angular pressing die (iECAP die). M is the channel angle. All given dimensions are in mm. 
The microstructure of the extrudates was characterized by light optical microscopy under polarized light. 
Specimens were ground, polished with colloidal silica and subsequently etched with Barker’s reagent. The 
micrographs are shown in Fig. 2. 
The cast billets extruded through the flat-face die showed coarse grains elongated in extrusion direction and a 
zone of peripheral coarse grains. The chips extruded through the same die showed a mixture of fine equiaxed grains 
and grains elongated in extrusion direction. A zone of peripheral coarse grains was visible. Both, cast billets and 
chips extruded through the iECAP die did not show any kind of peripheral coarse grains. While the iECAP die 
processed extrudates based on cast material showed a mixture of fine equiaxed grains and coarse grains elongated 
in extrusion direction, the chips extruded through the same die showed only fine equiaxed grains.  
 
 
Fig. 2. Microstructure of cast material and chips (AA6060) extruded through different hot extrusion dies. PCG is the zone of peripheral coarse 
grains. ED indicates the extrusion direction. 
In order to analyze the mechanical properties of the extrudates, tensile tests were conducted. Cylindrical tensile 
test specimens were fabricated parallel to extrusion direction by turning and pulled to failure. The results of three 
tensile tests for each adjustment are shown in Fig. 3. 
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Fig. 3. Tensile test results of AA6060 cast billets and chip-based billets hot extruded through different dies. 
The tensile test results of the cast material extruded through the different dies show that the design of the hot 
extrusion die significantly influences the mechanical properties of the resulting extrudates. The cast aluminum 
extruded through the flat-face die showed a 10 % higher ultimate tensile strength, but a 45 % lower uniform 
elongation compared to the cast aluminum extruded through the iECAP die. The differences in strength and 
ductility can be related to the differences in the microstructure. Due to the elongation of the grains in extrusion 
direction, the flat-face die processed material exhibits a higher tensile strength in this direction, while the finer 
grained microstructure of the iECAP die processed material led to the higher uniform elongation. Comparing the 
tensile test results of chips extruded through the iECAP die with those of cast material extruded through the same 
die, the differences in ultimate tensile strength and uniform elongation are negligible. This indicates a high bonding 
quality between the individual chips. For the flat-face die processed material, however, the ultimate tensile strength 
of the chip-based extrudates is 25 % lower compared to the ultimate tensile strength of hot extruded cast material. 
This difference can be related to insufficient chip bonding. 
3. Cold extrusion of hot extruded chips 
For the cold extrusion processes, preforms for forward rod and backward can extrusion were machined out of 
the center of the chip-based extrudates and the extruded cast billets in extrusion direction. The preform for forward 
rod extrusion was a cylinder with a diameter of 20 mm and a height of 40 mm, while the preform for backward can 
extrusion had a diameter of 20 mm and a height of 20 mm. Prior to cold extrusion, the preforms were coated with 
MoS2 to reduce the friction between the workpiece and the die. Forward rod extrusion was conducted with an 
extrusion ratio of R = 1.65. The corresponding equivalent strain value, defined as the logarithm of the extrusion 
ratio, can be calculated to Heq = ln(1.65) = 0.5. The cold extrusion die was fabricated with a cone angle of 2D = 90°. 
The head of the produced shafts was fabricated to 25 mm. Backward can extrusion was utilized to produce cans 
with a wall thickness of t = 1 mm. The bottom height of the cans was fabricated to 10 mm.  
Forward rod and backward can extrusion of AA6060 aluminum alloy machining chips led in all cases to chip-
based finished parts without visible surface defects (Fig. 4). The surface quality of chip-based cans was comparable 
to the reference cans based on hot extruded cast material. Scratches occurred on the surface of all parts, which was 
caused by aluminum sticking to the cold extrusion dies due to a collapse of the MoS2-lubricant during cold 
extrusion. However, those scratches are not related to the processing of chips. 
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Fig. 4. a) Appearance of the fabricated shafts and cans based on AA6060 chips or cast material previously hot extruded through different 
extrusion dies and magnifications b) Maximum extrusion forces measured during cold extrusion of the preforms. 
A significant difference between the chip-based cans and the cans based on hot extruded cast material is the 
appearance of the upper part of the walls. While the edges of the chip-based cans were smooth, they were 
corrugated for the cans based on hot extruded cast material. This effect was independent of the die used during the 
hot extrusion process. The corrugation of the edges is supposed to be caused by the heterogeneous grain size 
distribution over the cross section of the extruded cast material leading to anisotropic material behavior. The 
measured extrusion forces during forward rod or backward can extrusion were similar for all investigated 
combinations of material and die, except for the higher necessary extrusion force for the cast material previously 
extruded through the flat-face die. This is related to a higher initial flow stress resulting from this combination of 
material and die, which is evident from the higher proof stress in the tensile tests shown in Fig. 3. Micrographs of 
the shafts, the bottom part of the cans and the top of the walls were prepared for microstructure analysis (Fig. 5).  
 
 
Fig. 5. a) Representative micrographs of shafts and cans based on AA6060 chips or cast material hot extruded through different dies 
b) Magnifications of the die walls of chip-based cans. 
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The shape of the grains of the processed material was not significantly altered by forward rod extrusion. The 
elongated coarse grains of the cast material became further elongated in extrusion direction after cold extrusion, 
while the fine equiaxed grains of the chip-based extrudates fabricated with the iECAP die remained equiaxed. The 
fabricated chip-based shafts did not show any macroscopic pores, which can be related to an additional 
compression of the chips perpendicular to the extrusion direction when entering the deformation zone. This can 
lead to the closure of preexisting pores. The microstructure of the bottom part of the cans is comparable to the 
microstructure of the corresponding extrudates. In the walls of the cans based on hot extruded cast material, the 
coarse grains became elongated parallel to the direction of the ram movement. The fine equiaxed grains of the hot 
extruded chips remained unaffected by the additional deformation. For the chip-based cans based on material 
extruded through the flat-face die, cracks formed inside the walls. The chip-based cans based on material extruded 
through the iECAP die did not show any kind of defects. This can be related to a superior bonding quality between 
the individual chips when using the iECAP die instead of the flat-face die for chip extrusion. 
4. Conclusions 
The direct conversion of AA6060 aluminum alloy machining chips into chip-based finished parts by hot 
extrusion with subsequent cold extrusion was investigated. It was shown that the hot extrusion die design 
determines the bonding quality between the individual chips. While the usage of the iECAP die for chip extrusion 
resulted in defect-free cans after subsequent cold extrusion, the cans based on chips previously hot extruded 
through the flat-face die showed cracks inside the walls. The following conclusions can be drawn for the direct 
recycling of aluminum alloy machining chips by hot extrusion with subsequent cold extrusion: 
(1) The surface quality of chip-based cans and shafts is comparable to the surface quality of cans and shafts based 
on similarly processed cast material 
(2) The edges of the walls of chip-based cans are smooth, while the edges of the walls of cans based on cast 
material are corrugated, which can be related to coarser grains in the cans based on cast material 
(3) The necessary extrusion force during cold extrusion is comparable for the processing of chips and cast material, 
given that the initial flow stress of the material is similar 
(4) Due to the high chip-bonding quality of the chip-based extrudates fabricated with the iECAP die, defect-free 
cans can be produced by hot extrusion with subsequent backward can extrusion. Chips extruded through the 
flat-face die are not sufficiently welded when using the low extrusion ratio of R § 8.5, which can lead to internal 
crack formation during backward can extrusion. No pores were observed in shafts based on chips extruded 
through the flat-face die or the iECAP die due to additional compression of the material. 
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